Meson Form Factors and Non-Perturbative Gluon Propagators by Ducati, M. B. Gay & Sauter, W. K.
ar
X
iv
:h
ep
-p
h/
02
08
22
1v
2 
 1
1 
N
ov
 2
00
2
Meson Form Factors and Non-Perturbative Gluon Propagators
M. B. Gay Ducati∗ and W. K. Sauter†
Instituto de F´ısica, Universidade Federal do Rio Grande do Sul,
Caixa Postal 15051, CEP 91501-970, Porto Alegre, RS, Brasil
(Dated: November 8, 2018)
Abstract
The meson (pion and kaon) form factor is calculated in the perturbative framework with alter-
native forms for the running coupling constant and the gluon propagator in the infrared kinematic
region. These modified forms are employed to test the sensibility of the meson form factor to the
nonperturbative contributions. Its is a powerful discriminating quantity and the results obtained
with a particular choice of modified running coupling constant and gluon propagator have a good
agreement with the available data, for both mesons, indicating the robustness of the method of
calculation. Nevertheless, nonperturbative aspects may be included in the perturbative framework
of calculation of exclusive processes.
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I. INTRODUCTION
The study of the infrared (IR) limit of the constant coupling of the Quantum Chromody-
namics (QCD) had attracted much attention in the last years, as well as the infrared finite
form of the gluon propagator. The behavior of the running coupling constant claimed for
several theoretical and experimental studies indicates a frozen value in this kinematical re-
gion [1]. The question of the infrared form of Green functions of QCD is still a controversial
field of research (for a review see [2, 3]). Due to the different methods employed to analyze
the Green functions, for example, the Dyson-Schwinger equations (DSE) and simulations in
the lattice field theory (LFT) (as well as the approximations used to avoid several difficulties
found in these methods) we have distinct different forms of Green functions. However, as
we will show, the combination of the results from LFT and solutions of DSE restricts the
form of the gluon propagator.
In a recent paper [1], Aguilar, Mihara and Natale perform a study of the running cou-
pling constant in the infrared region, using the dependence of the meson form factors on the
coupling constant. To calculate the pion form factor, a mixed framework between pertur-
bative and non-perturbative physics is employed with the following assumptions: freezing
of the coupling constant and finite gluon propagator in the IR region, although using the
perturbative scheme of calculation of the meson form factor [4].
Nevertheless, the use of a frozen running coupling constant to describe QCD exclusive
processes, particularly the meson form factor, is not a novelty. Ji and Amiri [5] and Brodsky
et al. [6] use a modified coupling constant to study the form factor and the related reaction
γγ → pi+pi−. This modified coupling constant is based on the work by Cornwall [7] in which
a gauge independent set of Dyson-Schwinger equations is solved, giving a coupling constant
finite in the infrared and a gluon propagator with a running mass.
However, there are another approaches to include infrared contributions. In [8], Maris
and collaborators perform a full non-perturbative calculation of the meson form factor. The
amplitude for the vertex pipiγ (or KKγ), which is related with the form factor, is obtained
using the following ingredients: the Bethe-Salpeter amplitudes for the scattering kernel qq¯
(solutions of the Bethe-Salpeter equation); the solution of the DSE for the quark propagator
in the rainbow truncation and an ansatz for the quark-photon vertex based in a Bethe-
Salpeter equation in the ladder truncation. This approach gives a good description of the
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experimental data for the low momentum region for both form factors (pion and kaon) as well
as another observables (see last paper of [8]). In another work [9], the authors employed a
light-front Bethe-Salpeter model, where the quark, instead of the gluon as the model above,
has a dynamical mass, giving a good agreement with the experimental data for the pion
form factor.
The meson form factor in turn, has many attempts of description in pure perturbative
QCD [10]. For example, Stefanis [11] uses an unified factorization scheme that includes
logarithmic corrections (which origin is the gluon emission) and power correction whose
origin is non-perturbative. Melic´ et al. [12] calculate the pion form factor in next-to-leading
order (NLO) in perturbation theory. Yeh [13] also made a NLO calculation and found a
fittable expression for the pion form factor which includes non-perturbative effects. However,
these attempts have only validity where the perturbation theory is valid, in other words,
when the momentum transfer is large.
In this article, we extend the results of [1] for the pion form factor for a different set
of coupling constants and propagators and compare them with more recent experimental
data. Also the robustness of the model is tested with the kaon, a more massive meson than
the pion. As we will show, the model employed describes both, pion and kaon form factors
with good agreement with the available data for the kinematical region of exchange of low
momenta. The article is organized as follows: in the section II, we will review the model
used to calculate the meson form factor. Next, in section III, we present the modified meson
form factor calculation scheme with the main features of the non-perturbative gluons and
the frozen running coupling constant and their relation. Finally, we present the results and
conclusions of the work.
II. THE MESON FORM FACTOR CALCULATION
The meson form factor is given by the factorized expression in perturbative QCD (pQCD)
form [4, 14, 15](see figure 1)
FM(Q
2) =
∫ 1
0
dx
∫ 1
0
dyφ∗M(y, Q˜y)TH(x, y, Q
2)φM(x, Q˜x), (1)
where Q˜z = min(z, 1−z)Q (z = x, y) and Q is the 4-momentum transfer by the photon. The
equation above can be seen as a convolution of the initial and final states, represented by the
3
quark amplitude distributions φM(z, Q˜z) (obtained in a non-perturbative calculation) with a
hard (perturbative) scattering amplitude, TH(x, y, Q
2). The quark amplitude distribution is
interpreted as the amplitude to find the quark or antiquark within the meson with fractional
momentum z or 1− z, respectively.
1
x
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FIG. 1: The LO Feynman diagram for the meson form factor, where φM (x, Q˜
2) is the meson wave
function.
The function TH(x, y, Q
2) was calculated in leading order (LO) in [16] and in next leading
order (NLO) in [12]. The LO expression is given by (fig. 1):
TH(x, y, Q
2) =
64pi
3Q2
{
2
3
αs[(1− x)(1− y)Q2]
(1− x)(1− y)
+
1
3
αs(xyQ
2)
xy
}
, (2)
where αs(Q
2) is the running coupling constant.
The quark amplitude distributions φM(x, Q˜
2) are usually calculated in a certain energy
scale (Q0) by QCD sum rules [17] and then evaluated in an arbitrary energy scale solving a
Bethe-Salpeter-type evolution equation [4, 15], which solution is
φM(x,Q
2) = x(1− x)
∞∑
n=0
C(3/2)n (2x− 1)
[
αs(Q
2)
αs(Q20)
]dn
φ(M)n (Q
2
0), (3)
where C
(3/2)
n (2x− 1) are the Gegenbauer orthogonal polynomials [18];
dn = −
2ANSn
β0
, (4)
where ANSn is the non-singlet anomalous dimension given by
ANSn =
4
3
[
−1
2
+
1
(n + 1)(n+ 2)
− 2
n+1∑
j=2
1
j
]
, (5)
and β0 = 11− 23nf (nf is the number of flavors). To obtain the factors φ
(M)
n (Q20), given by
φ(M)n (Q
2
0) =
4(2n+ 3)
(n+ 1)(n+ 2)
∫ 1
0
dxC(3/2)n (2x− 1)φM(x,Q20), (6)
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we use the quark amplitude distributions in a given scale of energy. From [17], we have at
Q0 = 500MeV for the pion and the kaon, respectively,
φpi(x,Q
2
0) =
30fpi
2
√
3
x(1− x)(2x− 1)2, (7a)
φK(x,Q
2
0) =
30fK
2
√
3
[
0.6(2x− 1)2 + 0.25(2x− 1)3 + 0.08
]
, (7b)
where the normalization factor fM is given by∫ 1
0
dx φM(x,Q
2
0) =
fM
2
√
3
, (8)
and thereby fpi = 93 MeV, fK = 112 MeV.
Using the orthogonality relation of the Gegenbauer polynomials, it is easy to find that
the only non zero φ
(M)
n (Q20)’s for the pion are
φ
(pi)
0 (Q
2
0) = 6
fpi
2
√
3
, φ
(pi)
2 (Q
2
0) = 4
fpi
2
√
3
,
and for the kaon
φ
(K)
0 (Q
2
0) = 6
fK
2
√
3
, φ
(K)
1 (Q
2
0) =
30
28
fK
2
√
3
, (9a)
φ
(K)
2 (Q
2
0) =
12
5
fK
2
√
3
, φ
(K)
3 (Q
2
0) =
3
7
fK
2
√
3
, (9b)
therefore the exponents dn are
d0 = 0 , d1 =
32
99− 6nf
, (10a)
d2 =
50
99− 6nf
, d3 =
314
495− 30nf
. (10b)
Finally, the quark amplitude distribution is, for the pion,
φpi(x,Q
2) =
fpi
2
√
3
x(1− x)
{
6 +
[
30(2x− 1)2 − 6](αs(Q2)
αs(Q
2
0)
)d2}
, (11)
and for the kaon,
φK(x,Q
2) =
fK
2
√
3
x(1− x)
×
{
6 +
45
14
(2x− 1)
(
αs(Q
2)
αs(Q20)
)d1
+
+
6
5
[
15(2x− 1)2 − 3
](αs(Q2)
αs(Q20)
)d2
+
+
3
14
[
35(2x− 1)3 − 15(2x− 1)
](αs(Q2)
αs(Q20)
)d3}
. (12)
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However, Dziembowski and Mankiewicz [19] use the constituent-quark model to calculate
the quark amplitude distribution for the pion, obtaining
φ(DM)pi (x) = N exp
[
− m
2
8x(1− x)β2
]{
(xM +m) [(1− x)M +m]
4β4
− 2x(1− x)
}
, (13)
where N is determined by the normalization condition Eq.(8)(N = 0.622), M is the spin-
averaged meson mass (M = 614.4 MeV for the pion), m is the constituent quark mass
(m = 330 MeV) and β is a Gaussian parameter chosen as 460 MeV. We will test the changes
in the pion form factor when this quark distribution is employed.
III. THE MODIFIED MESON FORM FACTOR
In [1], the modifications introduced in the pion form factor by the change of the usual
running coupling amplitude by the frozen infrared one have been tested, as well as the case
of the change of the gluon propagator. In this case, the hard scattering amplitude can be
written as
T˜H(x, y, Q
2) =
64pi
3
{
2
3
α˜s(kˆ
2)D(kˆ2) +
1
3
α˜s(pˆ
2)D(pˆ2)
}
, (14)
where kˆ2 = (1− x)(1− y)Q2, pˆ2 = xyQ2 and D(Q2) is the gluon propagator, and α˜s is the
modified running coupling constant which expression is given below.
Therefore, the expression for the meson form factor from Eq.(1) and (14) is
F˜M (Q
2) =
∫ 1
0
dx
∫ 1
0
dy φ˜∗M(y, Q˜y)T˜H(x, y, Q
2)φ˜M(x, Q˜x), (15)
where φ˜M is the meson wave function with the modified running coupling constant.
The infrared form of the gluon propagator is still a controversial aspect (for a review for
solutions and methods see [2] and references therein). The general formula for the gluon
propagator is given by (in the Landau gauge):
Dabµν(q
2) = δab
(
δµν −
qµqν
q2
)
D(q2), (16)
where the usual perturbative propagator is given by D(q2) = 1/q2 which diverges when
q2 → 0. In the literature, there are several different forms for the gluon propagator, with
different behaviors for the infrared region: finite, zero and more divergent that 1/k2, each
one with its advantages and inconveniences. The reasons of these different behaviors are
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the methods and approximations employed to obtain the gluon propagator. The more
popular methods are the Schwinger-Dyson equations and the simulations from lattice field
theory. The most recent results in the last method [20, 21] discard the solution of the type
1/k4 and therefore we will not use it in this work. In spite of the controversy, the non-
perturbative gluon propagator was used successfully in many phenomenological applications
as, for example, proton-proton scattering [22] and elastic production of vector mesons [23].
In this work, we use the following gluon propagators:
• calculated by Cornwall [7] using the gauge independent pinch technique, given by
DC(q
2) =
1
q2 +M2g (q
2)
, (17)
where M2g (q
2) is a dynamical gluon mass term,
M2g (q
2) = m2g


ln
(
q2+4m2g
Λ2
QCD
)
ln
(
4m2
g
Λ2
QCD
)


−12/11
(18)
with m2g = 500± 200 MeV. With this propagator, [1] obtains the best description for
the pion form factor. Its features include the correct ultraviolet behavior (according
to the renormalization group) and the dynamically generated mass M2g (q
2).
• from Ha¨bel et al. [24], calculated using an approach that employs the same features of
the perturbative theory, which implies a simplified set of Schwinger-Dyson equations,
which solution is given by
DH(q
2) =
1
q2 + b
2
q2
, (19)
We should note that this propagator goes to zero when q2 → 0, unlike the other
propagators employed in this work, which have a non-zero value in this region.
• Alkofer et al. [25] solve a set of Dyson-Schwinger equations for the QCD Green’s
functions and the gluon propagator found by this manner can be fitted [1] by
DA(q
2) =
bq2
q4 + c2
, (20)
where b = 3.707 and c = 0.603.
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• Atkinson and Bloch [26] solve a set of Dyson-Schwinger equations for the gluon and
ghost propagator, improving the solution found by [25]. The asymptotic infrared
behavior of the gluon propagator is
DIRAB(q
2) ∼ 1
q2
{
A0(q
2)2κ
(
1 +
3∑
λ=1
fλaλ(q
2)λρ
)}
, (21)
where A0 = 1, κ = 0.769475, a1 = −10.27685, ρ = 1.96964, f1 = 1, f2 = 0.408732,
f3 = −0.761655.
• from Gorbar and Natale [27], that use the operator product expansion (OPE) to
relate the gluon and quark propagators with their respective condensates, the gluon
propagator obtained is
DGN(q
2) =
1
q2 + µ2g θ(χµ
2
g − q2) +
µ4
g
q2
θ(q2 − χµ2g)
, (22)
where µ2g = 0.61149GeV is a parameter fixed by the gluon condensate [27] and
χ =0.9666797. We should note that this propagator interpolates two different propa-
gators: the pure massive and one similar to the Ha¨bel solution.
The modification of the gluon propagator is closely related with the modification of the
running coupling constant in the infrared region. As calculated by Cornwall [7], the coupling
constant is frozen in the low momentum by the addition of the massive term, Eq.(18),
α(C)s (q
2) =
4pi
β0 ln
(
q2+4M2
g
(q2)
Λ2
QCD
) , (23)
where Λ2QCD is the QCD scale parameter and β0 = 11− 23nf is the first coefficient of the beta
function and nf is the number of flavors. In the case of the other propagators, we consider
the terms in the denominator as massive terms and we will substitute it in the Eq.(23) as
well as in the Cornwall propagator, as shown below
• The Ha¨bel propagator gets
α(H)s (q
2) =
4pi
β0 ln
(
q2+M2
H
(q2)
Λ2
QCD
) , (24)
with
M2H(q
2) =
b2
q2
.
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• The Gorbar-Natale propagator gets
α(GN)s (q
2) =
4pi
β0 ln
(
q2+M2
GN
(q2)
Λ2
QCD
) , (25)
with
M2GN(q
2) = µ2g θ(χµ
2
g − q2) +
µ4g
q2
θ(q2 − χµ2g).
However, in the case of the propagators given by the equations (20) and (21), the cou-
pling constant comes from the solutions of the Dyson-Schwinger equations for the Green’s
functions. For the case of the solution of the Alkofer et al., the coupling constant can be
fitted by the following formula [1]
αAs (q
2) =


αas : q
2 < 0.31 GeV2
αbs : 0.31 < q
2 < 1.3 GeV2 ,
αcs : q
2 > 1.3 GeV2
(26)
with
αas(q
2) = 0.2161 + 9.2621 exp
(
−2(q
2 − 0.0297)2
(0.6846)2
)
,
αbs (q
2) = 1.4741 + 8.6072 exp
(
−q
2 − 0.1626
0.3197
)
,
αcs(q
2) =
1.4978
ln(1.8488q2)
. (27)
The solution of Atkinson and Bloch [26] is given analytically in the asymptotic regions
αABs (q
2)
IR∼ 4piν
[
1−
3∑
k=1
bk
(
q2
Ω2
)kρ]
, (28)
where ν = 0.912771, Ω2 = 0.1864754, b1 = −1, b2 = 0.760753, b3 = −0.370785, and
αABs (q
2)
UV∼ 4pi
4 log( q
2
Λ2
QCD
)
, (29)
where Λ2QCD = 0.06802GeV
2.
The procedure is the following: using the Eq.(15), we substitute in the hard scattering
amplitude T˜H the different gluon propagators in the order above as well as the running
coupling constant, α˜s, to verify the changes in the form factor. A comparison with the
perturbative fit of Yeh [13], as well as, with the full non-perturbative calculation of Maris
and collaborators [8] is also performed.
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0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8
Q2(GeV2)
10-2
10-1
100
F pi
(Q
2 )
Cornwall (mg=0.3 GeV) (CZ)
Cornwall (mg=0.3 GeV) (DM)
Cornwall (mg=0.7 GeV) (CZ)
Cornwall (mg=0.7 GeV) (DM)
Atkinson and Bloch (CZ)
Atkinson and Bloch (DM)
Häbel et al. (CZ)
Häbel et al. (DM)
Gorbar and Natale (CZ)
Gorbal and Natale (DM)
Alkofer et al. (CZ)
Alkofer et al. (DM)
Jeffeson Lab F
pi
 Coll.
Brauel et al.
Yeh fit
Amendolia et. al.
Maris et al. solution
nf = 0
FIG. 2: The pion form factor calculated using the modified running coupling constant and gluon
propagator from different works, indicated in the table above. The number of flavors is zero. The
labels CZ and DM refer to the eqs.(11) and (13) for the quark amplitude distributions. The solution
of Maris et al. from [8]. The Yeh fit from eq. (31). Data from [28, 29].
IV. RESULTS
The results obtained for the pion form factor in the flavorless case (nf = 0) are displayed
in the figure 2. A remarkable feature of the result is the significant difference between
the distinct coupling constants and their respective gluon propagators. The origin of this
difference is the strong dependence of the form factor in the running coupling constant. The
results are also consistent with the infrared behavior of the coupling constant, for example,
in the case of the Ha¨bel propagator (Eq. (24)) when Q2 → 0 the massive term diverges,
which implies a divergent behavior. With the other propagators, the behavior is distinct
because the coupling constant is finite when Q2 → 0, giving a finite result.
As already pointed out in [1], the best description for the data is given by the Cornwall
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Cornwall (mg=0.3 GeV) (DM)
Cornwall (mg=0.7 GeV) (CZ)
Cornwall (mg=0.7 GeV) (DM)
Atkinson and Bloch (CZ)
Atkinson and Bloch (DM)
Häbel et al. (CZ)
Häbel et al. (DM)
Gorbar and Natale (CZ)
Gorbar and Natale (DM)
Arkofer et al. (CZ)
Alkofer et al. (DM)
Jeffeson Lab F
pi
 Coll.
Brauel et al.
Yeh fit
Amendolia et. al.
Maris et al. solution
nf = 3
FIG. 3: The pion form factor calculated as in figure 2 with nf = 3.
propagator with mg = 300 MeV while the other choices for the propagator listed above do
not give a reasonable result in comparison with the available experimental data.
When a more realistic number of flavors, nf = 3, is used, the result for the form factor
does not present a significant change, as expected in [1] and displayed in fig. (3), however
the result with three flavors is better than with no flavors.
As the number of flavors, the change in the quark amplitude distribution, Eq. (11) and
(13) does not make a significant modification in the form factor.
We display in the figures (2), (3) and (4), the full non-perturbative solution for the pion
form factor obtained by Maris and collaborators [8], only in the low momentum transfer
region (Q2 ≤ 0.8GeV2). As pointed out in the Introduction, this solution gives a very good
description of the low momentum data. Our best result, using the Cornwall’s propagator
and mg = 0.3 GeV, is below of this prediction although with the same global behavior. If
we diminish the smaller massive parameter mg, we can obtain a better fit to the data (for
11
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
Q2 (GeV2)
10-3
10-2
10-1
100
Q2
F pi
(Q
2 ) 
(G
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2 )
Jeffeson Lab. F
pi
 Coll.
Braunel et al.
Amendolia et al.
Cornwall (mg=0.3 GeV) 
Atkinson and Bloch
Häbel et al.
Gorbar and Natale
Arkofer et al.
Maris et al. solution
FIG. 4: Plot of Q2Fpi versus Q
2 using the same coupling constant and propagators used in the fig.
(2), with quark amplitude distribution from Eq. (11) and nf = 3.
both mesons), but this value is outside of the range of the values for this parameter, which
provides good description of another processes [22, 23].
We also display a fit with the experimental points, based on the approach of [13]. In that
paper, the author uses the collinear expansion to analyze the NLO power corrections to the
pion form factor, and founds the following expression for the pion form factor
Fpi(Q
2) =
16piαs(Q
2
eff)f
2
pi
Q2
(
1− 32pi
2f 2piJ(Q
2
eff)
Q2
)
, (30)
where Q2eff is the effective energy scale and J(Q
2
eff) is called a jet function, introduced to
absorb the infrared divergences from the NLO corrections. In the same paper, it was made
a phenomenological fit to the data for the pion form factor with the following form
F fitpi (Q
2) =
A
Q2
(
1− B
Q2
)
, (31)
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Häbel et al.
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Ivanov  et al.
nf = 0
FIG. 5: The kaon form factor calculated as the pion form factor, but using only the quark amplitude
distribution from Eq. (12). The phenomenological fit is given by Eq. (32). Data from [31]
In [13], the best values for A and B to fit the above formula to the experimental data from
[28, 30] are A = 0.46895 and B = 0.3009.
The phenomenological fit has a divergence when the momentum transferred by the photon
goes to zero, in opposition to the results that employ the non-perturbative propagators and
a finite infrared running coupling constant, and therefore does not give a good description
for the data in low Q2.
In order to compare with the previous results found in the literature, we plot Q2 Fpi(Q
2)
as a function of Q2, as shown in the fig. 4. In [5], its prediction does not go to zero, as
in our result, neither describes the data in the region of low Q2. In [29], a comparison of
predictions found in the literature for the pion form factor is made and the best result of
this study (Cornwall with mg = 300 MeV) still is a good result.
In the case of the kaon, we used the same procedure, although using only the quark
13
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Cornwall (mg=0.7 GeV)
Atkinson and Bloch
Häbel  et al.
Gorbar and Natale 
Alkofer et al.
Phenomenological fit
Ivanov  et al.
nf = 3
FIG. 6: The kaon form factor calculated as in figure (5), with nf = 3
amplitude distribution of the Eq.(12) in the Eq.(14). The result of the flavorless case (nf = 0)
is displayed in the fig.(5) while the case nf = 3 is shown in the fig.(6). As shown in the
figures, the global behavior is the same as in the pion form factor, in other words, the best
description for the data is given again by the Cornwall’s choices for the coupling constant
and gluon propagator with mg = 300 MeV.
In the figures (5) and (6) we present a result, based in [13], with the same functional form
of the pion, but now applied to the available data for the kaon,
F fitK (Q
2) =
C
Q2
(
1− D
Q2
)
, (32)
since the only dependence of the meson in the Eq.(30) is the normalization factor fM .
We compare Eq.(32) to the data available for the kaon [31] and found for the coefficients
C = 0.0594695 and D = 0.0130963 with χ2 = 1.93314.
As the data available for the kaon restricts to the region of low Q2, the predictions of
different models cannot be tested in the kinematic region of high Q2 for the moment, in
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FIG. 7: Plot of Q2FK versus Q
2 using same coupling constant and propagators used in the fig.
(5), with quark amplitude distribution from Eq. (12) and nf = 3.
opposition to the case of the pion.
For the pion, as well as for the kaon, when the coupling constant and the propagator
of Atkinson and Bloch [26] work is employed, due to the absence of a full analytical form
for the coupling constant and for the gluon propagator, we use only the infrared analytical
forms, exception to the case of the fixed scale of energy (see Eq.(7a)), when we use the ultra-
violet analytical result. There is a difference in the full numerical result and the analytical
asymptotic expression for the coupling constant (see the first paper of [26]), but it is not
significant for our result.
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V. CONCLUSIONS
In this work, we calculated the pion and kaon form factor following the approach of
[1] obtaining a reasonable agreement with the data available (for the pion [28, 29, 30] and
kaon [31]) in the case of the Cornwall’s gluon propagator [7] (with parametermg = 300 GeV)
and the running coupling constant that is frozen in the small momentum transfer region,
avoiding infrared divergences. We point out that a smaller mass gives a better result, but
its value is out of the mass interval found in previous results for another processes [23].
The other propagators (Cornwall with mg = 700 GeV, Ha¨bel el al. [24], Alkofer el al. [25],
Atkinson and Bloch [26] and Gorbar and Natale [27]) give results in disagreement with the
experimental results. The significant difference between the results has its origin in the well-
known meson form factor sensibility to the running coupling constant. Since we modified
the IR behavior of the αs, this difference is expected as in [1], where the same behavior is
observed. The case with a non-zero number of flavors, nf = 3, does not have a significant
difference in the results. The exchange of the quark amplitude distribution in the pion case
also does not modify significantly the form factor according to [5]. The model employed
also describes the available experimental data in the low Q2 region for both (pion, kaon)
mesons form factors, in opposition to the results [5] that employ only a frozen form of the
running coupling constant, without the finite infrared form for the gluon propagator, but
agrees with the results shown in [29] for the pion form factor. In [12, 32], restrictions are
made concerning the applicability of the frozen coupling constant and the modified gluon
propagator. In [32] the pion form factor is calculated using the same ideas of this work,
although employing a different pion wave function and a gluon propagator with fixed mass,
resulting for Q2Fpi(Q
2) a smaller value than the experimental one by a factor of 10. In
comparison with the pure non-perturbative calculation of [8] and the NLO perturbative
calculation of [13], our results for the pion (except by a normalization factor, given by
adjusting the massive parameter) is an interpolation of the above results, having the fit
characteristics of both calcutations. The good agreement with the experimental data of this
work indicates that it is possible to include non-perturbative effects in exclusive processes
in QCD without dramatic changes in the perturbative scheme of calculation of observables.
Otherwise, the inclusion of non-perturbative effects is still a field in which much research is
required.
16
Acknowledgments
This research work was supported by the Conselho Nacional de Desenvolvimento
Cient´ıfico e Tecnolo´gico (CNPq). The authors thank A. N. Natale for the fruitful discussions
during this work.
[1] A. C. Aguilar, A. Mihara, A. A. Natale, Phys. Rev. D 65, 054011 (2002).
[2] C. D. Roberts and A. G. Williams, Prog. Part. Nucl. Phys. 33, 477 (1994); J. E. Mandula,
Phys. Rep. 315, 273 (1999).
[3] R. Alkofer and L. von Smekal, Phys. Rep. 353, 281 (2001).
[4] G. P. Lepage, S. J. Brodsky, Phys. Lett. 87B, 389 (1979); Phys. Rev. D 22, 2175 (1980); in
Perturbative Quantum Chromodynamics, ed. A. H. Mueller, World Scientific, 1989.
[5] C.-R. Ji, F. Amiri, Phys. Rev. 42, 3764 (1990).
[6] S. J. Brodsky, C.-R. Ji, A. Pang D. G. Robertson, Phys. Rev. 57, 245 (1998).
[7] J. M. Cornwall, Phys. Rev. D26, 1453 (1982); J. M. Cornwall and J. Papavassiliou, Phys.
Rev. D40, 3474 (1989); ibid. D44, 1285 (1991).
[8] P. Maris, C. D. Roberts, Phys. Rev. C58, 3659 (1998); P. Maris, P. C. Tandy, Phys. Rev.
C61, 045202 (1998); ibid. C62, 055204 (2000); ibid. C65, 045211 (2002).
[9] L. S. Kisslinger, Ho-Meoyng Choi, Cheung-Ryong Ji, Phys. Rev. D 63, 113005 (2001).
[10] To a list of papers see the WWW home page of the Jefferson Lab Fpi Collaboration:
http://www.jlab.org/~volmer/papers.ps
[11] N. G. Stefanis, Eur. Phys. J. direct C7, 1 (1999); hep-ph/0203103.
[12] B. Melic´, B. Nizˇic´, K. Passek, Phys. Rev. D 60, 074004 (1999).
[13] Tsung-Wen Yeh, Phys. Rev. D 65, 074016 (2002).
[14] S. J. Brodsky, G. P. Lepage, P. B. MacKenzie, Phys. Rev. D 28, 228 (1983).
[15] R. D. Field, Applications of Perturbative QCD, Addison-Wesley, 1995.
[16] E. Braaten, S.-M. Tse, Phys. Rev. D 35, 2255 (1987).
[17] V. L. Chernyak, I. R. Zhitnitsky, Phys. Rep. 112, 173 (1984).
[18] Handbook of Mathematical Functions with formulas, graphs and mathematical tables, ed. M.
Abramowitz and I. A. Stegun, Dover, 1964.
17
[19] Z. Dziembowski, L. Mankiewicz, Phys. Rev. Lett 58, 2175 (1987).
[20] F. D. R. Bonnet et al., Phys. Rev. D 64, 034501 (2001); ibid., Phys. Rev. D 62, 051501 (2000).
[21] K. Langfeld, H. Reinhardt, J. Gattnar, Nucl. Phys. B 621, 131 (2002).
[22] F. Halzen, G. Krein, A. A. Natale, Phys. Rev. D 47, 295 (1993); D. S. Henty, C. Parrinello,
D. G. Richards, Phys. Lett. B 369, 130 (1996).
[23] M. B. Gay Ducati, F. Halzen, A. A. Natale,. Phys. Rev. D 48, 2324 (1993); M. B. Gay Ducati,
W. Sauter, Phys. Lett. B 521, 259 (2001); A. Donnachie, J. Gravelis and G. Shaw, Phys. Rev.
D 63, 114013 (2001).
[24] U. Ha¨bel, R. Ko¨nning, H. G. Reusch, M. Stingl and S. Wigard, Z. Phys. A 336, 423 (1990);
ibid. 435 (1990).
[25] L. von Smekal, A. Hauck and R. Alkofer, Phys. Rev. Lett. 79, 3591 (1997); Ann. Phys. (N.Y.),
267, 1 (1998).
[26] D. Atkinson, J. C. R. Bloch, Phys. Rev. D 58, 094036 (1998); Mod. Phys. Lett. A 13, 1055
(1998); J. C. R. Bloch, Phys. Rev. D 64, 116011 (2001).
[27] E. V. Gorbar and A. A. Natale, Phys. Rev. D 61, 054012 (2000).
[28] S. R. Amendolia et al., Phys. Rev. D 17, 1693 (1978).
[29] J. Volmer et al. (The Jefferson Lab Fpi Coll.), Phys. Rev. Lett. 86, 1713 (2001).
[30] C. J. Bebek et al., Phys. Rev. Lett. 37, 1525 (1976); ibid. Phys. Rev. D 17, 1693 (1978).
[31] P. M. Ivanov et al., Phys. Lett B 107, 297 (1981).
[32] A. V. Radyushkin, Nucl. Phys. A532, 141c (1991).
18
